T HE VERTEBRATE MI-2/NuRD complex is a multisubunit protein assembly containing both histone deacetylase and chromatin remodeling ATPase activities (1) (2) (3) (4) (5) . Current models predict that hypoacetylation of core histones is associated with inactive genes; thus, complexes containing histone deacetylase (HDAC) activity are generally thought to participate in transcriptional repression (6, 7) . The Mi-2/NuRD complex, like the mammalian SWI/SNF complex, contains several subunits whose pattern of expression is heterogeneous in various cell and tissue types (8) . Presumably, subunit heterogeneity provides these complexes with additional regulatory capacity and provides unique functional properties. One particularly interesting subunit of the Mi-2/NuRD complex is the metastasis-associated protein 3 (MTA3) protein (8, 9) . MTA3 is a member of a small protein family in mammals, the founding member of which (MTA1) was isolated in a differential display screen designed to identify mRNAs up-regulated in metastatic breast cancer cells (9) (10) (11) . All three members of this family, MTA1, MTA2, and MTA3, have been reported as subunits of Mi-2/NuRD (1, 2, 4, 9, 12, 13) . Notably, MTA3 is expressed at high levels in an estrogen-dependent fashion in breast cancer cells, predicting that the MTA3-containing version of the Mi-2/NuRD complex functions downstream of the estrogen receptor (ER) in breast cancer cells (9, 14, 15) . A requirement was demonstrated for this complex in repression of the transcription factor Snail, a master regulatory gene involved in epithelial to mesenchymal transitions (9, 14, 15) . MTA3 thus participates in the genetic program downstream of ER. Importantly, MTA3 and the Mi-2/ NuRD complex act to repress genes, providing a novel functionality to ER, transcriptional repression mediated through the biological action of a target gene.
ERs are required for normal development and function of female reproductive tissue in mammals (16) . Ligand binding by these molecules converts the receptors into transcriptional activators (17, 18) . The physiological effects of estrogen action are mediated by direct transcriptional activation of genes by ERs and by the biological actions of direct target genes. The latter category constitutes secondary, or indirect, biological effects representing an important subset of the biological outcomes mediated by estrogen action. The MTA3 subunit of the Mi-2/NuRD complex represents a transcriptional regulator integral to the maintenance of differentiated epithelial status of breast cancer cells (9, 14, 15) . The observation that MTA3 biosynthesis is closely correlated with ER status and with the presence of hormone in breast cancer cell lines raises an important question. Is MTA3 a direct target of ER, or is transcription of the MTA3 locus driven by an indirect effect of estrogen action?
In this work, we have dissected the molecular basis for estrogen dependence of MTA3 expression in breast cancer cells. Transient transfection experiments were employed to identify the cis-acting regu-latory DNA at the MTA3 locus driving high-level, estrogen-dependent transcription in breast cancer cells. A small sequence element was isolated, containing an SP1 site in close proximity to an estrogen response element (ERE) half-site. Molecular dissection of the requirements for these two transcription factors revealed synergy between SP1 and ER-␣ in driving high-level transcription of the MTA3 locus in breast cancer cells. Importantly, SP1 was absolutely required for productive binding of ER-␣ to MTA3 chromatin in human cells. The data support a model predicting that local chromatin architecture influences the ability of ER-␣ to selectively bind the MTA3 promoter in an SP1-dependent fashion.
RESULTS

The MTA3 Promoter in Breast Cancer Cells
High-level expression of MTA3 in breast cancer cell lines requires functional ER and estradiol (9) . The slow decline in steady state levels of MTA3 protein after disruption of ER activity (9) suggested that either MTA3 protein has a long half-life, or that ER does not directly activate the MTA3 promoter. To differentiate between these possibilities, we have dissected the transcriptional regulatory elements present in the MTA3 promoter using a transient transfection strategy. As a prelude to these studies, it was imperative to determine the transcription start site at the MTA3 locus in breast cancer cell lines. The human MTA3 locus is located on chromosome 2p21. Analysis of the 5Ј ends of cDNAs corresponding to MTA3 revealed two possible transcription start sites. One cDNA, KIAA1266 (19) (20) (21) , includes a noncoding first exon not present in any other expressed sequence tag (EST) sequence displayed in public databases (see genome.ucsc.edu). In fact, the KIAA1266 mRNA sequence lacks an exon predicted to contain the translation initiation site as well as nine amino acids at the amino terminus of the predicted MTA3 protein (Fig. 1,  A and B) . Previous analysis of the MTA3 cDNA from HeLa and MCF7 cell lines indicated the presence of these amino acids in the mature mRNA from these cells (9) . These conflicting observations raised the question of whether the upstream, noncoding exon was transcribed in breast cancer cell lines as opposed to brain, the tissue from which the KIAA1266 cDNA was isolated (19) (20) (21) . To determine whether the noncoding exon was transcribed in breast cancer cells, RT-PCR was performed with primer sets capable of detecting the presence of this exon (Fig. 1A) . We failed to detect any RNA species containing this noncoding exon in either MCF7 or in T47D (Fig. 1A) . We concluded from this analysis that initiation of MTA3 transcription likely occurs at a site downstream of what appears to be a CNS-specific noncoding first exon. Multiple EST clones in the public databases have 5Ј ends in the region upstream of the initiator methionine and downstream of the noncoding exon 1b (Fig. 1B) . The most 5Ј cDNA end, found in EST clone BU859486 (http://mgc.nci.nih.gov/) initiates at a cytosine residue that we designated as ϩ1. Sequence analysis of the MTA3 locus immediately surrounding this putative transcription initiation site revealed the presence of multiple transcription factor binding sites, including several SP1 sites along with multiple ERE half-sites (Fig. 1, B and C) .
We prepared a DNA construct fusing MTA3 sequence from Ϫ1332 to ϩ228 to luciferase to determine cis-acting sequences necessary for high-level transcription in ER positive breast cancer cell lines. A plasmid containing sequences from intron 1 of the MTA3 locus served as a control for these experiments ( Fig. 2A) . First, the plasmids were transfected into the ER negative cell line MDA231 along with varying amounts of an ER-␣ expression plasmid. Luciferase expression driven by the control plasmid lacking any MTA3 genomic sequences or by the intronic sequences was insensitive to ER ( Fig. 2A) . In contrast, the DNA upstream of the MTA3 transcription start site, including the putative promoter, drove high-level expression of luciferase in an ER-dependent fashion ( Fig.  2A) . The dependence on ER for transcriptional activity of this putative promoter fragment was also analyzed in MCF7 cells. First, cells were grown for 3 d in media depleted of steroids, leading to declines in the level of ER (data not shown). Cells were then transfected with luciferase reporter plasmids, varying amounts of ER expression plasmid, and treated with 10 nM 17␤-estradiol. High-level reporter expression occurred only in those cells transfected with the reporter plasmid containing MTA3 upstream sequence (Fig. 2B) . To ascertain the dependence of this response on estradiol and ER-␣, a dose response experiment was performed. The luciferase reporter construct was cotransfected with various quantities of ER-␣ expression vector, and cells were treated with vehicle or two different concentrations of 17␤-estradiol. Transcriptional activation was substantially increased by estradiol at nanomolar concentration (Fig. 2C) . We concluded from these experiments that cis-acting sequences located in the region upstream of exon 1a of MTA3 are sufficient to drive high-level expression in an ER and estradiol-dependent manner.
Mapping of EREs at MTA3
To determine the functional EREs in the MTA3 promoter as well as other cis-acting regulatory DNA, a series of promoter deletion constructs were prepared. These constructs were cotransfected along with ER-␣ expression plasmid into MCF7 cells previously grown in steroid-free media for 3 d. After transfection, estradiol was added to the media at a final concentration of 10 nM. Progressive deletion of MTA3 sequence from the 5Ј end of the reporter construct defined two regions containing regulatory DNA (Fig. 3A) . Basal promoter activity was driven by a small DNA element within the CpG island encompassing exon 1a (Fig. 3A and data not shown). A second regulatory sequence was defined within the interval Ϫ573 to Ϫ3 (Fig. 3A) . This sequence contains two ERE half-sites as well as one SP1 site (Fig. 3A) . Sequence at the far 5Ј end of the putative promoter failed to drive luciferase expression in the absence of sequence 3Ј of Ϫ553 (Fig. 3A) .
To determine the contribution of ER and the potential role of the ERE half-sites to reporter activity, a point mutant version of the reporter plasmid was generated. The consensus ERE half-site at Ϫ134 was altered from TGACC to AAGCTT in the context of the full-length MTA3 promoter plasmid. Mutation of this single ERE half-site resulted in markedly decreased levels of luciferase activity and a failure of ER cotransfection to activate transcription to the same levels as observed with the wild-type reporter (Fig. 3B ). The effect was most profound at low levels of ER-␣ expression. We concluded from these experiments that the ERE halfsite situated at Ϫ134 plays a crucial role in driving estrogen-dependent expression of the luciferase reporters. However, we also note that the reporter plasmid containing the mutant ERE half-site was activated by exogenously expressed ER-␣. This result suggests a potential role for ER-␣ activation through one of the SP1 sites on the reporter as previously demonstrated for multiple genes in MCF7 (22) . A, Transient transfection assays were conducted using MDA231 cells. DNA constructs transfected included a mock luciferase plasmid containing no MTA3 sequence (diamonds in the graph), MTA3 sequence from Ϫ1332 to ϩ228 fused to luciferase (squares in the graph), and MTA3 sequence from ϩ257 to ϩ1920 (triangles in the graph). Luciferase activity relative to a transfection control (Renilla luciferase driven by the Drosophila Actin 5C promoter) for each template is displayed as a function of amount of ER-␣ expression plasmid transfected. Each point on the graph represents the mean of three independent experiments; error bars indicate SD. Experimental values that differ significantly (by t test) from the mock control are indicated with asterisks. B, Transient transfection assays were performed as in Fig. 2A . The graph depicts normalized luciferase data for each transcription template displayed as a function of amount of ER-␣ expression plasmid transfected. Host cells used in this experiment were MCF7 grown in steroid-depleted media. After transfection, cells were treated with 10 nM 17␤-estradiol. Each point on the graph represents the mean of three independent experiments; error bars indicate SD. Experimental values that differ significantly (by t test) from the mock control are indicated with asterisks. C, MCF7 cells were grown in steroid-depleted media and then transfected with ER-␣ expression vector and the MTA3 (Ϫ1332 to ϩ228) luciferase plasmid. The graph depicts normalized luciferase activity as a function of amount of ER-␣ expression plasmid and dose of 17␤-estradiol. Each bar on the graph represents the mean of three independent experiments; error bars indicate SD. Luciferase values of cells treated with estradiol that differ significantly (by t test) from buffer controls are indicated with an asterisk.
A Role for SP1 in MTA3 Expression
Interestingly, this ERE half-site is located in close proximity to an SP1 element, approximately 65 bp away (Fig. 1B) . Because cooperation of ER-␣ and SP1 has been reported at multiple ER-dependent loci (23) (24) (25) (26) (27) (28) (29) , we further investigated the role of this SP1 site in expression of MTA3. A series of promoter deletion mutants were cotransfected into Drosophila S2 cells, which lack SP1 expression, along with an SP1 expression plasmid. The results of these experiments were very similar to those in MCF7 using ER-␣. Again, two putative regulatory intervals were defined in the deletion analysis. Basal activity was driven by sequence containing a single SP1 site located within the MTA3 CpG island (Fig. 4A) . High-level transcriptional activity required the presence of the SP1 site at Ϫ211, the site located in close proximity to the ERE half-site. Fine structure mapping of the SP1 response was pursued by construction of a mutant promoter plasmid where the GC box SP1 binding site at Ϫ211 was mutated. In the context of the full-length promoter construct, mutation of this SP1 site resulted in loss of roughly 2/3 of the SP1 response (Fig. 4B) . A minimal promoter construct (Ϫ234 to ϩ18) was sufficient to drive high-level transcription in an SP1-dependent manner (Fig. 4B) . We concluded that a small sequence element encompassing the MTA3 transcription start and an SP1 site near an ERE half-site constituted a dominant regulatory sequence driving high-level transcription of the MTA3 reporter plasmids.
A number of recent reports have described cooperation between SP1 and ER at promoters containing ERE half-sites within close proximity to SP1 sites (23) (24) (25) (26) (27) (28) (29) . To investigate the potential cooperation between SP1 and ER-␣ in MTA3 expression, we employed multiple systems. First, MCF7 breast cancer cells were grown for 3 d in steroid-free media. Under these con- Luciferase values of promoter deletion mutants that differ significantly (by t test) from wild type are indicated with an asterisk. B, The ERE half-site at approximately Ϫ130 was mutated as indicated in the figure. Wild-type and ERE-mutant versions of the MTA3 full-length promoter luciferase plasmid were transfected and assayed for luciferase activity as described in panel A. The bar graph depicts luciferase activity as a function of dose of ER-␣ expression plasmid for the control luciferase vector without any MTA3 sequence (pGL2 mock), the wild-type MTA3 promoter luciferase fusion (wt), and the reporter in which the ERE half-site is mutated (mtERE). Each bar on the graph represents the mean of three independent experiments; error bars indicate SD. Luciferase values of promoter deletion mutants that differ significantly (by t test) from wild type are indicated with an asterisk.
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ditions, basal levels of ER-␣ expression decline dramatically (data not shown). Using these ER-depleted cells, full-length MTA3 reporter plasmid was cotransfected with an expression plasmid for ER-␣. Cells were treated with 10 nM 17␤-estradiol for 48 h, and then luciferase assays were performed. In this system, high-level transcription was clearly dependent on ER-␣ (Fig. 5A) . The MTA3 minimal promoter element also demonstrated a clear dependence on ER-␣ for high-level transcription (Fig. 5A) . Mutation of either the SP1 site or the ERE half-site impaired the response of the minimal promoter (Fig. 5A) . Next, Drosophila S2 cells were used to confirm these results and to independently analyze the contributions of SP1 to MTA3 expression. Cotransfection of the MTA3 minimal promoter with an expression plasmid for ER-␣ (cells were treated with 50 nM 17␤-estradiol) resulted in very modest levels of expression (Fig. 5B) . Addition of SP1 to these transfections resulted in high-level luciferase expression (Fig. 5B) , consistent with cooperative activation of transcription by SP1 and ER-␣.
To ascertain the involvement of SP1 and ER-␣ in expression of MTA3 in the absence of exogenous expression, RNA interference (RNAi) was employed. When the MCF7 cells are grown in conventional media, ER-␣ is abundant. Levels of ER-␣ and SP1 were manipulated using RNAi, and cells were transfected with the full-length MTA3 promoter reporter plasmid. Green fluorescent protein (GFP) small interfering RNA (siRNA) served as a negative control for nonspecific effects of transfection with double-stranded RNA. Luciferase siRNA served as a positive control for knockdown of reporter activity. Depletion of either endogenous ER-␣ or SP1 led to dramatic declines in reporter gene activity (Fig. 6A) . In steroid-depleted media, transcription from the MTA3 promoter-luciferase fusion is dependent on exogenous overexpression of ER-␣. Knockdown of ER-␣ led to a loss of luciferase expression that was similar to either knockdown of luciferase itself or to failure to express ER-␣ at all. Even in the presence of excess ER-␣ after overexpression, depletion of SP1 also led to decreased luciferase expression (Fig. 6B) . Thus, both SP1 and ER-␣ are critical to high-level transcription from the MTA3 promoter.
Transient expression assays provide powerful tools for elucidation of cis-acting regulatory DNA and identification of trans-acting factors involved in gene regulation. However, these systems have welldocumented limitations. Thus, RNA interference and chromatin immunoprecipitation (ChIP) were employed to ascertain the potential roles of endogenous SP1 and ER-␣ in regulation of the endogenous MTA3 locus. ER-␣ siRNA led to dramatic declines in the steady-state levels of both ER-␣ and MTA3 proteins (Fig. 7A) . Likewise, SP1 siRNA led to dramatic declines in both SP1 and MTA3 protein levels (Fig.  7B) . Interestingly, SP1 knockdown also led to declines in MTA2 protein levels (Fig. 7B) , consistent with a role for SP1 in the regulation of mouse MTA2 (30) . ChIP experiments were performed to determine whether ER-␣ and SP1 are present at the endogenous MTA3 locus and whether perturbation of either factor by RNAi led to alterations in the behavior of the other. Both ER-␣ and SP1 were detected by ChIP at the MTA3 minimal promoter (Fig. 7C) . Depletion of ER-␣ by RNAi had no effect on SP1 presence at MTA3 (Fig. 7C) . In contrast, depletion of SP1 by RNAi dramatically impaired the ability of ER-␣ to associate with the endogenous MTA3 promoter. 
Cross Talk between MTA Family Members
A role for MTA1 in transcriptional regulation of the MTA3 locus has been recently proposed. In this report, breast cancer cell lines stably expressing MTA1 were compromised in their capacity to drive expression of MTA3 reporter plasmids (31) . This study also reported that MTA3 transcription was driven by ER-␣, although a different cis-acting element was identified. A key difference between the work reported by Mishra et al. (31) and that reported here lies in the reporter constructs used. Mishra et al. (31) used constructs containing the MTA3 transcription start site associated with the noncoding exon 1b. These plasmids lack downstream sequences including the MTA3 minimal promoter elements identified in this work. To independently ascertain what role, if any, MTA1 might play in MTA3 expression driven by the promoter sequences defined in this work, an adenovirus capable of highlevel transient expression of MTA1 was constructed. Infection of MCF7 and T47D breast cancer cell lines with MTA1 adenovirus led to dramatic decreases in MTA3 protein as well as in MTA2 (Fig. 8A) . Protein levels of other members of the Mi-2/NuRD complex, such as Mi-2, methyl CpG binding domain protein 3 (MBD3), and HDAC1, were unaffected. Thus, transient overexpression of MTA1 led to a shift in the composition of the cellular pool of MTA family members from predominantly MTA2 and MTA3 to predominantly MTA1. Because the steady-state levels of Mi-2, MBD3, and HDAC1/2 were not affected by this treatment, we predict that the Mi-2/NuRD complex has been shifted from predominantly the MTA2 and MTA3 containing versions to predominantly the MTA1 containing version. Despite the dramatic impact on protein levels of MTA2 and MTA3, overexpression of A, MCF7 and T47D cells were grown in normal media and treated with siRNAs specific for either GFP (negative control) or ER-␣. The figure depicts immunoblots of whole-cell lysates derived from each condition. Antibodies used for protein detection are indicated on the left side of the figure. B, MCF7 and T47D were grown and treated with siRNA as described in panel A. The immunoblot of whole-cell lysates depicts abundance of the indicated proteins after the various treatments. C, ChIP assay was performed at the endogenous MTA3 locus as described in Materials and Methods. Before preparation of chromatin, cells were treated with the indicated siRNAs. Chromatin was precipitated with SP1 or ER-␣ antibodies and bound DNA detected by PCR using the primer sets depicted in the figure. The two primer sets indicated in the figure are approximately 2 kb apart. MTA1 had no effect on the endogenous mRNA levels for either of these factors (Fig. 8B ). In addition, overexpression of MTA1 had no effect on luciferase expression driven by the full-length MTA3 promoter reporter plasmid (Fig. 8C) . We concluded that transient expression of MTA1 has little, if any, repressive effect on the cis-acting MTA3 regulatory sequences defined in this work.
DISCUSSION
The MTA3-containing version of the Mi-2/NuRD complex represents an abundant corepressor complex in breast cancer cells (9) . This enzyme participates in regulation of gene expression through modulation of local chromatin architecture. Because MTA3 biosynthesis in breast cancer cell lines is entirely dependent on the action of ER, the pattern of genes regulated by MTA3 and its parent complex constitutes a subset of the genetic program downstream of ER in mammary epithelial cells. Characterization of the molecular mechanisms by which the ER regulates the transcription of MTA3 is thus of critical interest. The finding that ER-␣ directly binds to and regulates the promoter of MTA3 provides novel functionality to the estradiol-ER interaction. The documented involvement of MTA3 in gene repression supports the notion that ligand binding by ER results not only in gene activation, but also in specific gene repression mediated through the Mi-2/NuRD complex. MTA3 is known to participate in transcriptional repression of Snail (9), a gene implicated in epithelial to mesenchymal transitions (32) (33) (34) . The indirect repression of Snail by ligand-bound ER provides a molecular mechanism whereby estradiol contributes to maintenance of the differentiated epithelial state in mammary epithelia.
Here, we have defined the minimal promoter for the MTA3 locus in MCF7 cells. This cis-acting regulatory element contains a binding site for the SP1 transcription factor in proximity to an ERE half-site. SP1 function was essential for the recruitment of ER-␣ to the endogenous MTA3 promoter chromatin. Thus, MTA3 joins a number of genes characterized by an SP1 site in close proximity to an ERE half-site, including Cathepsin D (23), Progesterone receptor (27, 28) , and many others (24) (25) (26) 29) . At the MTA3 promoter, the transcriptional response to SP1 appears to raise the basal activity of the promoter when assayed in a heterologous system (Drosophila S2 cells). ER addition had an additive effect. In human breast cancer cells, the relative contributions of SP1 and ER to transcriptional activity of the MTA3 minimal promoter were not strictly additive. Rather, synergistic activation resulted from the combination of both factors. These data suggest that the combination of SP1 and ER-␣ in a mammalian cell results in the recruitment of a specialized set of transcriptional coactivators not present in the Drosophila cell.
The MTA3 promoter offers an interesting example of a promoter driven by an SP1 element in proximity to an ERE half-site. The spacing between SP1 sites and ERE half-sites at such promoters is variable among the many genes for which such regulation has been documented (35) (36) (37) . At MTA3, there are 73 bp between the center of the SP1 element and the center of the ERE half-site. This distance would place these two elements in immediate proximity on the surface of a single nucleosome (38) , with the SP1 element being on one DNA turn around the histone octamer and the ERE half-site being on the other should these two sites occupy a single nucleosome in vivo. Both sites would be phased so that the major groove of each binding site would have approximately the same orientation to the histone octamer as well. Nuclear hormone receptors are known to bind productively to nucleosomal DNA, so long as the major groove containing the recognition sequence is facing away from the histone octamer surface (39) (40) (41) . We predict that binding of SP1 to nucleosomal DNA increases the binding affinity of ER-␣ to a low-affinity binding element. The increased binding energy could result from direct protein-protein interactions between SP1 and ER-␣, as have been observed (26) . Alternatively, binding of SP1 could serve to orient the DNA helix wrapped around a nucleosome such that the major groove of the ERE half-site faces away from the histone octamer surface, making it available for binding by the receptor. However SP1 facilitates transcriptional activation by the ER, the MTA3 promoter provides an example of a locus where local chromatin architecture plays an important role in facilitating proper hormonal regulation of gene expression.
MATERIALS AND METHODS
Cell Culture, Transfection, and Adenovirus infection
Cells were cultured in DMEM (Cellgro, Herndon, VA) with 10% (vol/vol) fetal bovine serum (Invitrogen Life Technologies, Gaithersburg, MD). Steroids were depleted from serum with dextran-charcoal (42) . For estrogen depletion, cells were grown in phenol red-free RPMI with 10% dextran-charcoalstripped serum and 10 g/ml insulin (Invitrogen Life Technologies, Carlsbad, CA). Cells were transfected with Lipofectamine (Invitrogen Life Technologies) and Fugene 6 (Roche Molecular Biochemicals, Indianapolis, IN). Schneider cell line 2 (S2) derived from Drosophila embryos was cultured in serum-free HyQ SFX-INSECT medium (HyClone, Logan, UT). S2 cell line was transfected with Cellfectin (Invitrogen Life Technologies). Transfected cells were treated with 10 nM or 50 nM 17␤-estradiol. ICI 182, 780 (TOCRIS), tamoxifen, and mifepristone (Sigma, St. Louis, MO) were obtained from commercial sources at the highest quality available and cells were grown in normal growth media with 10 M, 5 M, and 10 M, respectively. Adenovirus carrying human MTA1 was prepared as described (43) . The virus was purified by CsCl banding with 10 11 to 10 12 plaque-forming units, and introduced into cells. Luciferase activities were determined as described (9) . Values are the means and SD of the results from three independent experiments.
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Plasmids
Human ER␣ expression plasmid (pcDNA3 ER␣) was graciously provided by Dr. Trevor Archer, National Institute of Environmental Health Sciences (Research Triangle Park, NC). The cDNA for ER␣ was subcloned into Drosophila expression vector pAc5.1/V5-His (Invitrogen Life Technologies). Sp1 expression plasmid pPacSp1 was kindly provided by Dr. J. T. Kadonaga, University of California-San Diego, San Diego, CA). The promoter region of human MTA3 was amplified from human genomic DNA and cloned into pGL2-Basic (Promega, Madison, WI). The sets of primers used were as follows:
Wild-type 5Ј-TGTTCCCTGGTTTACAAAGCATTT-3Ј 5Ј-GTCCGCCCGCCCGCCCGCGGA-3Ј Intron1 5Ј-GTAGGCAGGCTCGGCCCGACC-3Ј 5Ј-CTGTAATTAAAGGAAGTACAGAAC-3Ј ⌬1 5Ј-TTTTGCCTCAGCTATGCACAGTTT-3Ј 5Ј-GTCCGCCCGCCCGCCCGCGGA-3Ј ⌬2 5Ј-TTATTATGCAGCAATGTCTGGGAG-3Ј 5Ј-GTCCGCCCGCCCGCCCGCGGA-3Ј ⌬3 5Ј-TTTAGGCACGTAACCAGTTAAGTG-3Ј 5Ј-GTCCGCCCGCCCGCCCGCGGA-3Ј ⌬4 5Ј-TGGACAGTTGGTTCTGCTCAG-3Ј 5Ј-GTCCGCCCGCCCGCCCGCGGA-3Ј ⌬5 5Ј-CGGCCCACTCGGCCTTGCTAG-3Ј 5Ј-GTCCGCCCGCCCGCCCGCGGA-3Ј ⌬6 5Ј-GGCGTACCATCCCCTTTACTT-3Ј 5Ј-GTCCGCCCGCCCGCCCGCGGA-3Ј ⌬7 5Ј-TGTTCCCTGGTTTACAAAGCATTT-3Ј 5Ј-CTGAGCAGAACCAACTGTCCA-3Ј ⌬8 5Ј-TTTTGCCTCAGCTATGCACAGTTT-3Ј 5Ј-CTGAGCAGAACCAACTGTCCA-3Ј ⌬9 5Ј-GAAGAGGTGCTGGGGAGAG-3Ј 5Ј-CTAGCAAGGCCGAGTGGGCCG-3Ј The MTA3 promoter mutants were generated by point mutagenesis using the QuikChange Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA).
Antibodies and Western Blotting
Antibodies against MTA3, MTA2, Mi2, and MBD3 were previously described (9) . Other antibodies used were anti-MTA1, anti-HDAC1, anti-Sp1, and anti-ER␣ (Santa Cruz), and anti-␤-actin (Chemicon, Temecula, CA). Western blot analyses were carried out as described previously (44) .
RNA Extraction, cDNA Synthesis, and RT-PCR
Total RNA was extracted by a modified guanidium thiocyanate-phenol-chloroform extraction as described (9) . cDNA was synthesized with Moloney murine leukemia virus reverse transcriptase (Invitrogen Life Technologies) using random hexamers as described (9) . The cDNA was amplified using the following primers:
MTA3 aFF 5Ј-ATGGCGGCCAACATGTACCGG-3Ј bFF 5Ј-TATTTGCATCCAAGAGTTTGC-3Ј 3RR 5Ј-GATGTTTCTGCTTATCGGTCA-3Ј MTA3 (short form specific) 5Ј-CAAGCTTTCTTCCTTCATACTACA-3Ј 5Ј-AAAGAGAGGAAAAGAGAAAATGG-3Ј MTA2 5Ј-TCAATGATATTCGCCAGGAT-3Ј 5Ј-AAGTCAGGCCCTTCTGAAAT-3Ј MTA1 5Ј-CTCAAGTCCTACCTGGAGCG-3Ј 5Ј-TGGTACCGGTTTCCTACTCG-3Ј ␤-actin 5Ј-CTCTTCCAGCCTTCCTTCCT-3Ј 5Ј-AGCACTGTGTTGGCGTACAG-3Ј RT-PCR with real time quantitation was carried out using the iCycler system (Bio-Rad, Hercules, CA) as described (9) . Briefly, 3 g total RNA was reverse transcribed using random hexamers. PCR amplification reactions included SYBR green (Sigma) at a 1:10,000 dilution. Positive control reactions were performed to determine the linear range of detection and establish a standard curve for each transcript. Unknowns were amplified in triplicate and cDNA was diluted so that threshold values fell within the linear range of detection. Transcripts were then quantified from the corresponding standard curve. ␤-Actin served as an internal control.
ChIP Assay
Cells (5 ϫ 10 5 ) were cross-linked (in PBS) with 1% formaldehyde. Crude cell lysates were sonicated as described (45) . Immunoprecipitation was performed with specific and control antibodies (Upstate Biotechnology, Inc., Lake Placid, NY). The MTA3 promoter region was detected by PCR amplification with the following primers (5Ј-GAAGAGGTGCTGGGGAGAG-3Ј and 5Ј-CTGGAAGTGGAGGGCCCTGGGGTCA-3Ј). 
